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Synthesis and comparative photocatalytic activity of CuO layers on SiO2 substrates
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Using the thermodynamic and kinetic approaches, it was found that Cu(NH3)
2+
4 aq complex predominating at 23◦C spontaneously decomposes

at elevated temperatures, forming CuO precipitate in a bulk solution and a layer (CuO||SiO2) on the surface of silica glass. The rates of these
heterogeneous processes are fairly well described by the 1st-order reaction of decay of the Cu(NH3)

2+
4 aq complex. The formation of the CuO

precipitate and layer is a two-step kinetic process. The rate of precipitate formation dominates above 65 ◦C while the rate of the layer formation
prevails below this value. The CuO||SiO2 material synthesized below 65◦ possesses an optical bandgap of (1.25±0.05) eV, which is smaller
compared to the crystals of commercial CuO. The CuO||SiO2 material displays a photocatalytic activity in the reaction of UV-decomposition of
benzoquinone-hydroquinone. It was discovered that the photocatalytic activity depends on the thickness of the photocatalyst layer.
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1. Introduction

A low efficiency of applied light utilization is considered to be the main drawback of powder photocatalysts. It can
be improved by fixing micro- and nanoparticles of active material on substrates in the form of films and layers [1–3].
The properties of film photocatalysts depend on the accessibility of their surface for radiation, the morphology and
size of surface particles and, consequently, on the conditions of synthesis. Among promising photocatalysts, CuO
stands out as a p-type semiconductor with an optical gap width 1.21–1.51 eV that makes it active in the UV and
visible spectral regions [4, 5]. CuO films allow utilization of up to 30% of incident light energy, which is much more
compared to Cu2O [6]. Synthesis of CuO layers in solutions [6–8] is a multistage process with the use of a solid-phase
precursor Cu(OH)2. The more simple and convenient method is the thermal decomposition of ammonia complexes
of Cu(II) [9]. This unites the formation of primary CuO particles, their isolation and growth at the interface. The
application of this method for the synthesis of photomaterials is restrained by the lack of information concerning
synthesis conditions and the photocatalytic activity of produced CuO layers. The aim of present study was to invent
a single-stage hydrochemical method for the production of CuO photocatalyst layers with optimal mass (thickness)
on glass substrates by the thermal decomposition of ammonia complexes of Cu(II) in the conditions excluding the
formation of Cu2O.

2. Experimental work

Layer formation was studied by Dynamic Light Scattering (DLS) and Laser Doppler Electrophoresis measure-
ments carried out on a Zetasizer Nano ZS particle analyzer (Malvern Panalytical Ltd.). The Raman spectral analysis
of the samples was performed at room temperature using an inVia Reflex Renishaw spectrometer (λ = 532 nm,
P=25 mW). The phase analysis of the products was fulfilled on a STADI-P X-ray powder automatic diffractometer
(STOE) with CuKα1 radiation using the library of X-ray diffraction data PDF-2 (ICDD Release 2009). The morphol-
ogy of the layers on substrate was studied using the scanning electron microscopy (SEM) and EDX elemental analysis
on a JSM JEOL 6390LA facility. UV-visible absorption spectroscopy was performed using a Shimadzu UV-3101PC
UV/Vis/Near-IR Spectrophotometer. The diffuse reflectance spectra of the layers were recorded in the interval of
220–800 nm by means of a Shimadzu UV-3600 UV-vis-NIR spectrophotometer using BaSO4 crystals as a reference.

The thermodynamic study of the temperature evolution of CuO-Cu(OH)2 phases in pH – Eh – temperature co-
ordinates was carried out to choose the conditions of CuO formation in the bulk of electrolytic solution. The study
was made for all known to date valence forms of copper. The HSC Chemistry v.8 program was used for the following
equations (1–3):

Cu2+ + nNH4OHCu(NH3)
2+
n + nOH−, n = 3− 5, (1)

Cu(NH3)
2+
n + (n+ 2)OH−Cu(OH)2(solution) + nNH3 × H2O(aq), (2)
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Cu(NH3)
2+
n + (n+ 2)OH−Cu(OH)2 ‖(interface) + nNH3 × H2O(aq). (3)

The symbol “||(interface)” denotes the “solution – solid” interface. The pH-fields of predominance of 29 components
including Cu0, CuO, Cu2O, Cu(OH)2 phases, Cu(I,II,III) aqua-ions, their hydroxo-, mono- and dimeric ammonia
complexes were determined as the function of a temperature. This allowed us to find the conditions for the spontaneous
decomposition of Cu(NH3)

2+
4 aq complexes which predominate in the reaction mixture at 23◦. Thus, the complexes

decompose at the temperature from 35 to 95◦ and pH from 11.0 to 12.0 with the generation of Cu(OH)2 and CuO
phases.

3. Results and discussion

3.1. Kinetics of CuO layers growth

According to the thermodynamic estimation by means of HSC Chemistry 8, Cu(OH)2 to CuO transition in an
Ar(g) atmosphere occurs at 150◦. Under aerobic conditions, this decomposition takes place at 40–80◦ [8]. Hence, it
is possible to control the solid phase precipitation rate in the bulk of solution and at the solution|| solid interface by
choosing the synthesis conditions (temperature, solution chemistry and rate of solid phase formation) [9]. The search
for synthesis conditions of CuO||SiO2 layers on the inner surface of the quartz reactor (SiO2) was carried out in 50 ml
quartz vials filled with 25 ml 0.02–0.3 M copper(II) amine solution, C(Cu), with free ammonia concentration in the
range of 0.4–4.0 M at thermostat temperature up to 95◦. The synthesis took place according to reactions:

Cu(NH3)
2+
n + (n+ 2)OH− k(bulk)−→ Cu(OH)2/CuO(bulk) + nNH4OH(aq), (4)

Cu(NH3)
2+
n + (n+ 2)OH− k(interface)−→ Cu(OH)2/CuO||SiO2(interface) + nNH4OH(aq), (5)

dC(Cu)

dt
= −k(bulk, interface)C(Cu). (6)

According to SEM, the produced CuO||SiO2 layers consist of bundles of elongated particles having a form of
nano-sheets. They first partially fill the surface of the glass and then grow normally to the surface. Fig. 1 shows that
CuO particles anchored on the glass surface form an openwork layer in which particles alternate with uncovered glass
“windows”. The DLS data show that the colloidal CuO particles growing in the solution maintain a ξ-potential of
−18.2±26.3 mV throughout the synthesis, which indicates non-stable colloid solutions. In the initial 3–5 min period,
the colloid particles have the hydrodynamic diameter of 90–100 nm and predominate in the solution. At the same
time, the mean size of CuO particles anchored to the CuO||SiO2 interphase keeps at the level of 280–290 nm. When
the initial period ends, the size of CuO particles rises dramatically reaching the value of 1200 nm in the solution
and 700–750 nm in the layer after 10–15 min synthesis, Fig. 2. The kinetic coefficients of direct reactions (4–6)
were determined experimentally. For this purpose, the variation with time of the copper content in solution (I), on
the inner surface of vial (II) and in the precipitate after removal of copper by filtration (III) was analyzed using the
mass spectrometry method (Elan 9000), Fig. 3. The characteristics of the compositions were fairly well confirmed
by means of spectroscopy and X-ray diffraction analysis (XDA). The Raman spectrum of composition (II) contains
vibrational modes of CuO: 282 cm−1 (Ag), 332 cm−1 and 616 cm−1 (Bg) [4]. For composition (III), the vibrational
modes of CuO are shifted relative to (II): 303 cm−1 (Ag), 350 cm−1 and 636 cm−1 (Bg) [11]. The XDA reflections
of compositions (II) and (III) are identical to those of CuO phase: space group C12/c1, lattice parameters a = 4.6804,
b = 3.4337, c = 5.1164, α = 90.0000, β = 99.1329, γ = 90.0000. The X-ray density of CuO in the layer is 6.490 g/cm3

and the mean crystallite size, calculated using the Scherrer equation, is 27.1–27.9 nm.
The least squares method was applied to estimate the coefficients of formation rate (6) in the bulk, k(bulk), and

at the solution-glass interface, k(interface), at 23–85◦. The data obtained allowed us to identify the temperature
region (below 65◦), in which the reaction (4) of the layer growth predominates (Fig. 3, marked by arrow). Thus, the
series of CuO||SiO2 materials with different CuO layer thickness were synthesized on the surface of glass and used
in further photocatalytic measurements. The synthesis conditions to achieve optimal degree (60–80%) of copper(II)
ions transformed into oxide were chosen as follows: 35–65◦ temperature interval, 15–60 min synthesis time. The
photocatalytic effectiveness of studied materials is demonstrated by the UV-visible diffuse reflectance spectroscopy
data. The results show that the optical bandgap E(eV) calculated by means of the Kubelka-Munk equation for a direct
transition in CuO crystals (see [10–12]) is equal to 1.25±0.05 eV for the CuO||SiO2 materials, whereas for commercial
CuO it is around 1.50±0.05 eV [13]. The absence of the Cu2O phase in the layers was additionally confirmed by the
voltammetry method [14] using the discussed copper(II) oxide layer deposited on the surface of Ni-foil electrode.
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FIG. 1. Size and morphology of CuO particles forming a layer on the surface of quartz vial
(CuO||SiO2) at different times of synthesis: 1 – 0.5 min; 2 – 3 min; 3 – 5 min. Panel 4: varia-
tion of relative coverage S/S(0) of SiO2 surface with CuO particles as a function of reaction time t.
S – surface of SEM image of quartz vial covered with CuO particles (µm2), S(0) – total surface of
the same image (µm2). Temperature of synthesis is 85 ◦C

FIG. 2. Variation of CuO particles diameter (Dh) in bulk solution (solute) and in the interface
solution||layer (layer) during Cu(NH3)2+4 ion particles deposition acquired with the help of dynamic
light scattering and laser Doppler electrophoresis measurements. 85 ◦C

3.2. Photocatalytic activity of CuO layers on the silica glass

The photocatalytic activity of synthesized CuO layers of different thickness on the inner surface of quartz reactor
walls was analyzed under the UV irradiation in the reaction of the decomposition of the electrochemically reversible
pair of benzoquinone–hydroquinone, BQ-HQ. For this purpose, 25 ml BQ-HQ solution with initial concentration
C◦

s = 0.1 mM at pH = 6.8, 22◦ was poured into quartz vials lined with CuO. A UV lamp was mounted above the reactor
so that the UV-irradiation propagated from top to the bottom of reactor both through the “solution-air” interface (UV-
light flow F1) and through the “CuO||SiO2 – solution” interface (UV-light flow F2) [15]. The scheme of the interaction
of UV-light flows F1, F2 with thin (A) and thick (B) layers of CuO is depicted in Fig. 4a,b. Before each experiment,
the BQ-HQ solution was contacting with CuO layer for a time needed to reach equilibrium absorption of BQ-HQ on
the surface of the photocatalyst. The experiments have shown that adsorption equilibrium state was reached in 25–30
minutes. After that each of the quartz reactors was irradiated with UV light of the wavelength λ(max) = 253 nm
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FIG. 3. Temperature dependence of kinetic coefficients of eq. 6 which describe solid phase for-
mation according to 1st order reactions (4–5), calculated from experimental data (inset). T is the
temperature of thermo-decay. On the inset the examples are shown of the kinetics of Cu(NH3)2+4
thermo-decay in NH4OH solution as a functions of contacting time. Initial Cu(II) concentration in
the solution C(max) = 0.02 M, pH = 11.3, 70 ◦C, volume of solution = 25 ml. Concentration in
the phases (M units) is calculated as a ratio of Cu mass in the phase to the volume of solution; 1 –
in solution, 2 – in precipitate, 3 – in vial coating. Solid lines represent the least square curve fit
of the data in accordance with simple 1st-order decay/formation model. An arrow points out the
temperature 65 ◦

(4.9 eV) using the technique described elsewhere [15]. The substrate concentration variation (Cs) with irradiation
time (t) in the series of experiments with the CuO layers of a different thickness is found (see Fig. 4c) to obey the
1st-order decay reaction equation (6):

(BQ−HQ) + hν
k−→ products,

dCs/dt = −ksCs

. (7)

In eq. (7), ks is the rate constant, which depends on the quantum yield of the photocatalytic reaction. The geometric
thickness of the layers (L, nm) was determined by EDX analysis of CuO||SiO2 composites on a JSM JEOL 6390LA
facility. The experimental correlation between the relative rate constant ks/ks(max) and L, where ks(max) is the
maximal value of constant (ks) in the series of layered photocatalysts, is shown in Fig. 5. It is seen that ks/ks(max)
keeps the maximal value in the series of rather thin CuO layers with L < 1000 nm. This conforms to the results
of quantum-chemical simulation of UV radiation absorption by monocrystalline CuO, which we performed with the
use of the VASP program [16], Fig. 6. The calculated variation in the relative light transmission I(Lc)/I(0) of UV
radiation as a function of the light path length in the catalyst crystal (Lc) strongly depends on the radiation energy
(E). The calculated data show that 99% of UV-radiation with E > 3.5 eV are absorbed within the thin CuO crystal
layer with Lc ∼ 80–100 nm. Since the thickness of sheet-like bundles of CuO particles is ∼ 200–250 nm, Fig. 1,
one can conclude that all photon energy of UV-light are absorbed by CuO sheet-like particles of the CuO||SiO2

photocatalyst independently of its thickness. Nevertheless, when the experimental layer thickness L increases, the
ks/ks(max) value decreases to a constant level, which is characteristic of micro-sized particles of CuO. To understand
this phenomenon, the UV-light flow geometry and the morphology of CuO layers growing on the glass support were
taken into consideration. In accordance with experimental conditions, there were two components of general UV
irradiation flow, Fig. 4a,b. Fraction F1 of the flow kept a constant intensity since it passed through air/solution interface
which was free of the colloid particles and CuO layer. Fraction F2 of the flow passed through the side walls of the
quartz vial. As a result, its intensity depended on the thickness and transparency of the growing layer. Fig. 1 shows
that the layers of CuO photocatalyst have openwork morphology. This implies that the rather small thickness of layer
leads to the formation of “windows” in the silica glass. These regions of the substrate are not covered with CuO
particles and freely transmit UV irradiation which scatters on and interact with the CuO nano-sheets surface. When
the thickness of photocatalyst layer reaches a rather large value L(max), the surface of “windows” diminishes and the
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UV-light flow F2 attains its minimal (or zero) value. In the framework of this interpretation, the value of L(max) is
about 104 nm. The frontier divided these two regions is shown in Fig. 5.

FIG. 4. Photocatalytic decomposition of 0.1 mM solution of BQ-HQ on the layers of catalyst CuO
deposited on the vials inner surface as a function of irradiation time. (a, b) – the schemes of UV-
irradiation of CuO on the surface of vials in the case of thin (a) and thick (b) layers. (c) – Decompo-
sition of substrate under UV light as a function of irradiation time. Numbers near the pointers are for
the catalyst layers thickness (nm): 1 – 1500, 2 – 1650, 3 – 6020, 4 – 9400, 5 – 12700, 6 – 14600, 7 –
17900, 8 – 24800. Volume of substrate solution is 25 ml, measurements at 22 ◦C, UV light energy –
4.90 eV. Solid lines are the best fit approximation of the substrate decomposition in accordance with
eq. (6). The surface area of the glass support in each sample was constant and equal to 4.2 cm2

4. Conclusion

Thus, using thermodynamic and kinetic approaches, it was found that the Cu(NH3)
2+
4 aq complex predominating at

23◦ spontaneously decomposes at elevated temperature with the deposition of CuO phase in the form of the precipitate
in a bulk solution and layer on the surface of silica glass (CuO||SiO2). The rates of these heterogeneous processes
are described by the 1st-order reaction of the decay of the Cu(NH3)

2+
4 aq complex. It was found that the formation of

CuO precipitate and a layer is a two-step kinetic process. The rate of precipitate formation predominates above 65◦

while the rate of CuO layer formation prevails below 65◦. CuO||SiO2 synthetized below 65◦ possesses an optical
bandgap of (1.25±0.05) eV which is smaller in comparison with commercially-available CuO crystals. The sam-
ples of CuO||SiO2 material display the photocatalytic activity in the reaction of UV-decomposition of benzoquinone-
hydroquinone. Wherein, the activity depends on the thickness and morphology of the photocatalyst layer.
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FIG. 5. Correlation between experimentally estimated rate constant of photo-degradation of sub-
strate (ks) according to eq. (6) and thickness of photocatalyst CuO layer (L) in the series of compos-
ites CuO||SiO2. ks(max) = 8.20 · 10−5 1/c, 22 ◦C. Vertical dotted line separate areas of thickness
L within which the whole incident UV light flow is active (L < 104 nm) or only its F1 component
(L > 104 nm) can penetrate through the CuO layer (see Fig. 4)

FIG. 6. The relative intensity I(L)/I(0) of light transmitted to the depth Lc in CuO with respect to
the intensity at the surface I(0), as determined by means of the VASP computer code [16]
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